We have developed a simple and accurate method to determine the amount of intact plasmid DNA taken up and retained by Dictyostelium discoideum amoebae during various transformation protocols. We have used this method to compare the efficiency of three different methods for introducing foreign DNA into D. discoideum amoebae. Both a calcium phosphate and a spheroplast fusion procedure gave good uptake, but no intracellular plasmid DNA was detectable after calcium chloride treatment. The exogenous DNA was rapidly lost after transformation but was 20-fold more stable during starvation rather than growth conditions, suggesting a possible approach to improving transformation efficiency. No transient expression of neomycin phosphotransferase activity of any of the heterologous animal or plant promoters used could be detected using a sensitive gel assay procedure.
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We have developed a simple and accurate method to determine the amount of intact plasmid DNA taken up and retained by Dictyostelium discoideum amoebae during various transformation protocols. We have used this method to compare the efficiency of three different methods for introducing foreign DNA into D. discoideum amoebae. Both a calcium phosphate and a spheroplast fusion procedure gave good uptake, but no intracellular plasmid DNA was detectable after calcium chloride treatment. The exogenous DNA was rapidly lost after transformation but was 20-fold more stable during starvation rather than growth conditions, suggesting a possible approach to improving transformation efficiency. No transient expression of neomycin phosphotransferase activity of any of the heterologous animal or plant promoters used could be detected using a sensitive gel assay procedure.
I N T R O D U C T I O N
Dictyostelium discoideum is a simple eukaryote with a developmental cycle which has made it a model system for studying the molecular basis of pattern formation and the regulation of gene expression during development (Loomis, 1982) . Genetic analysis of these fundamental developmental problems has involved either the isolation of developmental mutants (Godfrey & Sussman, 1982) , or the isolation of cloned DNA sequences which show interesting patterns of either temporal or cell-type specific regulation, or both (Kimmel & Firtel, 1982) . Further exploitation of these two approaches has been limited by the cumbersome, low-resolution parasexual genetic system of D. discoideum on the one hand (Newell, 1982) and by a very poorly characterized transformation system on the other. Over the past few years there have been numerous attempts at, and four published reports of, successful transformation of D. discoideum by exogenous DNA (Ratner et al., 1981 ; Hirth et al., 1982; Barclay & Meller, 1983; Nellen et al., 1984) . However, only the most recent of these appears to be at all reliable and its use has so far been restricted to axenically grown cells. The work described in this paper was initiated before this most recent publication (Nellen et al., 1984) as part of a systematic approach to analysing the transformation process step by step and thereby providing a solid foundation for developing a successful and widely applicable transformation system for all strains of Dictyostelium. In this paper we describe a method to quantify the amount of intact plasmid DNA in a. discoideum amoebae and the application of this method to compare the efficiency of DNA uptake by methods previously reported to yield transformants (albeit unreproducibly). We have also followed the stability of the assimilated DNA during subsequent incubation under either growth or development conditions. 
M E T H O D S
Struins and grouyth contliriorts. Dictyostelium discoideum strain VI 2 M2 was grown in suspension in K K I buffer (20 mM-potassium phosphate, 2 mM-MgSO,, pH 6.0) with 3.5 mg lyophilized Escherichia coli B (Sigma) ml-' and 10 pg gentamicin m1-I. Vegetative amoebae were harvested at 2-4 x loh cells ml-' and washed free of bacteria with KK, before use.
DNA uptukrprucrrlurrs. We compared three different methods for introducing DNA into the cells. The calcium phosphate/polyornithine procedure is similar to many procedures used with mammalian cells and was executed as described by Hirth et uI. (1982) for D. discoideum strain Ax-3. The calcium chloride method is based on a typical bacterial protocol and was performed as described by Barclay & Meller (1983) for D. discoideum. The third method, spheroplast fusion, was our own adaptation from several published procedures and will be described in more detail.
A chloramphenicol-amplified overnight culture (25 ml) of E. coli MC 1061 carrying an appropriate plasmid was centrifuged at 5000g for 10 min at 4 "C and the resulting pellet was resuspended in 1.25 ml 20% (w/v) sucrose, 50 mM-Tris/HCI, pH 8. Then 0.25 ml freshly prepared lysozyme (5 mg rn1-I) was added and the suspension was incubated at 4 "C for 5 min, after which 0.25 ml0-5 M-EDTA was added slowly and the incubation was continued at 4 "C for an additional 5 min. After slow addition of 0-5 ml50 mM-Tris/HCl, pH 8, the suspension was incubated at room temperature for 10 min. The bacterial spheroplast culture was then diluted by the slow addition of l0ml 10% sucrose, 10 mwmagnesium acetate, 10 mM-MES, pH 6.2. Washed D . discoideum amoebae were resuspended in 10% sucrose, 10 mM-magnesium acetate, 10 mM-MES, pH 6, to a density of between 1 and 2 x lo8 amoebae ml-*. Amoebal-spheroplast fusion was achieved by adding 1 ml amoeba1 suspension to the spheroplast preparation followed by incubation at room temperature for 10 min. Finally, 5 ml 10 mM-calcium chloride, 10 mMTris/HCl, pH 7.5,20% (w/v) polyethylene glycol 4000 was added and the incubation continued for a further 5 min at room temperature. Amoebal-spheroplast fusions and unfused amoebae were separated from unfused bacterial spheroplasts by differential centrifugation and extensive washing in distilled water. Recovery of D. discoideum amoebae was monitored routinely and was always 85-95 %.
Mrusurement qj'intruccdlular plusmid D N A . DNA uptake was determined using a number of different plasmids. All carried an ApK gene and in addition contained a neomycin phosphotransferase gene which had been placed under the control of a eukaryotic promoter (animal or plant). These and other plasmids used as internal controls are listed in Table I . The amount of intracellular plasmid DNA present after transformation and any subsequent incubations for growth or development was determined by bioassay. Washed amoebae ( lo7) were suspended in 1 ml KK, buffer and treated with 10pg DNAase I ml-' for IOmin at room temperature to eliminate any adventitiously bound DNA. The cells were then washed extensively with K K 2 containing 0-5 mM-EDTA and lysed by the addition of 1 ml K K 2 containing 2% (w/v) SDS. A further 1 ml K K 2 buffer was added and the lysed cell preparation was extracted with 2 ml phenol/chloroform/isoamyl alcohol (50:49: 1, by vol.). The aqueous phase from this extraction was removed and the organic phase was re-extracted with 1 ml fresh KK2 buffer. The combined aqueous phases were then extracted with 3 ml chloroform/isoamyl alcohol (98 : 2, v/v). Total nucleic acid was precipitated from the resulting aqueous phase by the addition of sodium acetate, pH5.2, to a final concentration of 0.2 M and 2 vols absolute ethanol. The precipitates were left overnight at -20 "C, washed in 70% (viv) ethanol, dried and resuspended in sterile distilled water.
In order to assess the efficacy of the DNAase treatment and to monitor total recovery, two plasmids carrying different drug-resistance markers were added, just before the DNAase (PGY39-K10, Table 1 ) and just before the lysis of cells by SDS (PGY39, Table 1 ). Samples of each nucleic acid preparation were then used to transform competent bacteria of E. coli M C 1061. The same frozen stock of competent bacteria was used throughout this work and was prepared as follows. A culture of strain M C 1061 was grown at 37 "C in LB medium (Bactotryptone lOgl-', Bacto yeast extract 5 g l -' , NaCl I0g 1-', pH 7.5) to an OD,,,,, of 1.0. The culture was then chilled on ice for 10 min and the cells were harvested by centrifugation at 8000g for 10 min. The bacterial pellet was resuspended in 1 /I0 the original culture volume of 0.1 M-CaCl? and left on ice for 30 min. The cells were then harvested at 8000g for 10 min and resuspended in I / I 00 vol. 0.1 M-CaCll/glycerol (85: 15, v/v) and stored as 50 pl samples at -70 "C. For a typical transformation, a 50 pl sample was thawed on ice (1-2 min) and diluted by the addition of 0.9 ml 0. I M -C~C I~ ; 100 pl subsamples were then dispensed into 1.5 ml Eppendorf tubes on ice. DNA, resuspended in distilled H 2 0 (in a volume up to 50 PI), and sufficient 1 M-CaCl, to maintain the concentration at 0.1 M were added to the 100 1. 11 competent cells. The tube was incubated on ice for 30 min followed by a 45 s heat shock at 43.5 "C. The bacteria were then diluted with 5 ml LB medium, incubated at 37 "C for 60 min, then either plated directly onto drug-selective plates (1.59;. wjv, agar in LB), or concentrated by centrifugation and resuspension to the desired volume prior to plating. Transformation frequencies were consistently between I and 2 x 1O'c.f.u. per pg pBR322. Transformants to ApR measure total transforming plasmid, those to K m R measure the possible survival of extracellular plasmid (less than 5 0 3 , and those to C m R measure the overall plasmid recovery (typically around SO",).
R E S U L T S A N D D I S C U S S I O N
Calibration of' the assay system
The sensitivity of the E. coli transformation system was determined by using plasmid DNA. The assay was highly reproducible and there was a linear relation between number of transformants and amount of plasmid D N A in the range 0-01-100ng, so that we could confidently detect as little as 0.01 ng plasmid D N A per lo7 amoebae (Fig. 1) .
DNA uptake and stability
Of the three treatments, the calcium phosphate method gave the best plasmid D N A uptake, 349 f 102 ng per lo7 amoebae (mean SE, n = 4), while spheroplast fusion gave 1.9 & 0.6 ng per lo7 amoebae (n = 5). N o D N A uptake (i.e. <0-01 ng per lo7 amoebae; n = 3) was detectable after calcium chloride treatment. The results of the calcium phosphate and calcium chloride procedures are directly comparable because amoebae were exposed to equal amounts of DNA during these treatments. However, for technical reasons, amoebae were only presented with 1/10 this amount of DNA during the spheroplast fusion experiments. If allowance is made for this fact, the calcium phosphate method still resulted in at least an order of magnitude more DNA uptake. Most of these uptake data were obtained with pMon213 plasmid D N A , but similar uptake efficiencies have been achieved with other plasmids.
The stability of the D N A taken up depended on subsequent incubation conditions. Transformation-competent D N A declined rapidly for the first 6 h and then remained constant for the remainder of the assay period ( Fig. 2 ; data beyond 12 h not shown). However, the plateau value reached was 20-fold higher if the amoebae were starved after transformation rather than being returned to growth conditions. The results presented are for the calcium phosphate procedure, but similar results were observed after spheroplast fusion. This increased stability during starvation (development) conditions was significant and reproducible and probably reflects reduced levels of degradative enzymes (Dimond et al., 1981) . It will be interesting to determine whether this starvation treatment enhances either the frequency of stable transformants or the level of transient expression when suitable vectors are used.
We briefly examined the effects of the calcium phosphate and spheroplast fusion procedures on the subsequent growth of the D . discoideurn cells or on their development as determined by assay of a developmental enzyme. Spheroplast fusion had little effect on either growth or development, while calcium phosphate treatment delayed both processes by several hours. However, the cells completed morphogenesis and sorocarp construction within 24 h after either treatment. All the plasmid constructs we used to measure uptake also contained the neomycin phosphotransferase ( N PTase) gene under the control of a eukaryotic promoter with demonstrated activity in either animal or plant cells, We therefore examined cells for the expression of NPTase up to 24 h after calcium-phosphate-mediated DNA uptake using the sensitive gel procedure described by Fregien & Davidson (1985) . We failed to detect any enzyme activity from any of the constructs used, with an assay sensitivity capable of detecting 0-1 % of the activity found in bacterial cells carrying Tn5. We did not determine whether this failure to express NPTase was at the level of transcription or translation. The Firtel B10 vector, which places NPTase under the control of a strong D . discoideum promoter (Nellen et al., 1984) and is the only vector with demonstrated expression in D. discoideum was not available at the time of this study. In summary, we have developed a sensitive and reproducible method to determine the amount of intact bacterial plasmid DNA in D. discoideum amoebae. Using this method we have compared various methods for introducing DNA into D. discoideum and have examined its stability during subsequent incubation. The results described should be helpful in continuing efforts to develop improved transformation systems for D . discoideum. The ability to quantify intact intracellular plasmid DNA at different times will also be useful for transient expression systems, enabling workers to normalize the level of expression observed to the amount of plasmid present at that time.
